The secretory vesicle is a fundamental organelle that represents the structural basis for quantum secretion theory (1) . The presence of secretory vesicles reflects the concurrence of the mechanisms of genesis, sorting, and filling. Chromogranins (Cgs) appear to be involved in each of these steps, at least in the large dense core vesicle (LDCV, also historically referred to as chromaffin granules), one of the most common secretory organelles that is present in many neuronal and neuroendocrine cells. In chromaffin cells, LDCVs are characterized by their large size (ϳ180 nm) and by the presence of an electron-dense matrix (2) (3) (4) (5) (6) (7) . Cgs represent the main protein component of LDCVs, although these organelles also accumulate astonishing (near molar) amounts of catecholamines (CAs), ATP, Ca 2ϩ (representing the major intracellular store in these cells), ascorbate, and neuropeptides. Although Cgs have been thought to drive the biogenesis and sorting of LDCVs (8) , chromaffin cells are still capable of generating and releasing CAs from LDCVs in the total absence of Cgs (9) . However, the lack of Cgs greatly reduces their ability to concentrate CAs, and it severely affects the kinetics of exocytosis (9) .
The vesicular accumulation of CA was the first biological role assigned to Cgs based on in vitro experiments (7), and we confirmed this physiological role in adrenal chromaffin cells from Cg-knockout (KO) mice (9 -11) . Thus, it appears that nature has created a highly efficient system to accumulate exceptionally high concentrations of neurotransmitters in secretory vesicles. However, despite their enormous importance, the study of the association of such intravesicular components has received little attention compared to the effort expended in characterizing the proteins in the vesicle membrane that are involved in trafficking and exocytosis. Indeed, it still remains unclear what influence an excess of Cgs may have on vesicular CA accumulation when they are overexpressed in living cells.
In this report, we describe a detailed study of the CgA/CA interaction, first in HEK293 cells, a kidney cell line that lacks LDCVs, and then in PC12 cells, which possess the machinery that drives regulated exocytosis. In this latter model, we analyzed the CgA/CA association in secretory vesicles and its contribution to storage and exocytosis. In comparing these data with those from chromaffin cells isolated from CgA-KO mice, we propose a model to explain the role of this interaction, both in control conditions and after CA overloading. This is the first direct evidence of the involvement of Cgs in the accumulation and exocytosis of CA.
MATERIALS AND METHODS

Materials
Fetal bovine serum (FBS; DE14-801F) and horse serum (HS; 14-427F) were obtained from Lonza (Verviers, Belgium); all other drugs and culture media were purchased from SigmaAldrich (Madrid, Spain). The salts used for buffer preparation were reagent grade.
Antibodies
The goat polyclonal anti-CgA As C-20 (sc-1488), goat polyclonal anti-CgB As (sc-1489), and rabbit polyclonal anti-GFP As (sc-8334) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The mouse anti-tyrosine hydroxylase (TH) monoclonal antibody (mAb; T2928), mouse anti-␣-tubulin mAb (T6074), and mouse anti-actin mAb (A3853) were purchased from Sigma-Aldrich. The secondary horseradish peroxidase-conjugated anti-goat antibody (P0160) was from DakoCytomation (Glostrup, Denmark), and the secondary horseradish peroxidase-conjugated anti-rabbit IgG (NA934) and anti-mouse IgG (NA931) antibodies were purchased from Amersham-GE Healthcare (Little Chalfont, UK).
DNA constructs
The CgA-enhanced green fluorescent protein (EGFP) and CgA expression vectors encoding the full-length mouse CgA were prepared by PCR, with mouse cDNA as the template. The PCR product containing the full coding sequence was cloned directly into pEGFP-N3 (Clontech-BD Bioscience, Palo Alto, CA, USA) and pcDNA3.1(Ϫ) (Life Technologies, Madrid, Spain), by using the EcoRI and KpnI sites to produce CgA-EGFP and CgA untagged.
The primers for cloning pCgA-EGFP were: forward, 5=-GAGAATTCCGCCACCATGCGCTCCACCGCGGTTCTGGCG-3=, and reverse, 5=-TC GGTACCTCCCCGCCGCAAAGCCTGCAG-3=, and those used for cloning pCgA were: forward, 5=-GAGAATT-CCGCCACCATGCGCTCCACCGCGGTTCTGG-3=, and reverse, 5=-TCGGTACCTTATTATCCCCGCCGCAAAGCCTGCAG-3=.
The inserts were sequenced, and the circular plasmids were prepared for transfection with a midi preparation kit (28-9042-67; GE Healthcare).
Cell culture and transfections
The HEK293 cells were grown in DMEM containing 10% FBS and supplemented with 100 UI/ml penicillin G and 40 g/ml gentamicin, whereas the PC12 cells were grown in RPMI with 5% FBS and 5% HS, as well as the aforementioned antibiotics. The cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 and passaged regularly every 2-3 d.
HEK293 cells were transfected with Metafectene-Pro (Biontex Laboratories GmbH, Planegg, Germany), whereas the PC12 cells were transfected using Nucleofector II (Lonza) and the Basic Nucleofector Kit for primary neurons (VPI-1003; Lonza), in accordance with the manufacturer's instructions. In these conditions, 15-20% HEK293 cells and 10 -15% PC12 cells expressed CgA-EGFP and were positive to visual observation under a standard epifluorescence microscope. The expression of EGFP alone reached 70 -80% in both cell types. These data were confirmed with flow cytometry (data not shown).
For total internal reflection fluorescence microscopy (TIRFM) experiments, cells were seeded on collagen (BD Bioscience, Bedford, MA, USA)-coated coverslips (Marienfeld GmbH, Dortmund, Germany), whereas for the amperometry experiments, they were plated on poly-d-lysine-coated, 12 mm diameter, glass coverslips and used 24 -48 h later.
CgA-EGFP secretion
HEK293 cells were transiently transfected with CgA-EGFP and washed twice with Krebs-HEPES buffer: 140 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, and 11 mM glucose at pH 7.4. The cells were subsequently incubated for 10 min at 37°C in the buffer (basal or constitutive release), in the presence or absence of the Ca 2ϩ ionophore A23187 (1 M, stimulated release). The medium was then collected, and the cells were lysed for 20 min at 4°C in 50 mM Tris HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, and Complete protease inhibitor mixture (11697498001; Roche Diagnostics, Mannheim, Germany). The samples were centrifuged at 900 g for 5 min at 4°C, and the supernatants were collected. The proteins secreted into the medium and the cell homogenates were precipitated with 10% trichloroacetic acid and analyzed in Western blots.
Western blot analysis
Protein expression was quantified in Western blots of cell lysates obtained from control cells and 48 h after transfection of the EGFP-, CgA-, or CgA-EGFP-encoding vectors. Equivalent amounts of proteins, measured with the bicinchoninic acid method, were separated by SDS-PAGE on 7.5% acrylamide gels and electroblotted onto 0.45 m polyvinylidene difluoride membranes (Immobilon-P IPVH00010; Millipore Corp., Billerica, MA, USA). The cell lysates were probed with specific antibodies, antibody binding was detected with the ECL-prime System (RPN2232; GE Healthcare), and the protein bands were analyzed with a ChemiDoc MP device and Quantity One 4.6.7 software (Bio-Rad, Hercules, CA, USA).
High-performance liquid chromatography (HPLC) analysis of CAs
Cells were triturated in ice-cold lysis buffer containing perchloric acid (0.05 N) and 3,4-dihydroxybenzylamine (DHBA; 200 nM) as an internal standard. The homogenates were centrifuged, and the cleared supernatants were analyzed by HPLC coupled to an electrochemical detection system (12) .
TIRFM
Cells immersed in Krebs-HEPES buffer were visualized on an inverted microscope (200M; Zeiss, Jena, Germany) through a 1.45 NA objective (␣ Fluar, ϫ100/1.45; Zeiss), as described elsewhere (1, 2, 13) . Briefly, the objective was coupled to the coverslip with an immersion fluid (n 488 ϭ1.518; Zeiss) and for evanescent field illumination, the expanded beam (488 nm) from an argon ion laser (Lasos; Lasertechnik GmbH, Jena, Germany) was band-pass filtered (488/10; Zeiss) and used to excite the EGFP. The laser beam was incident to the coverslip at 64 -66°from normal, and the images were captured with an EM-CCD digital camera (C9100-13; Hamamatsu Photonics, Hamamatsu City, Japan). Each cell was imaged for up to 1 min with HC Image acquisition software (Hamamatsu Photonics) with a 10 ms exposure time at 10 Hz.
Image analysis
The fluorescence intensity over time was calculated using routines programmed in Metamorph (Molecular Devices, Sunnyvale, CA, USA). Exocytotic events were located by eye, a small region of interest (ROI) was centered on the position of the event, and a small stack of images in that region was extracted from the movie. The fluorescence intensity profiles from individual granule stacks were plotted against time. A circle of 1.38 m diameter was drawn around the center of the fusing granules, and the average fluorescence intensity within the circle was recorded. The local background was defined as the average fluorescence outside the ROI in a concentric circle with a 5.53 m diameter, and it was subtracted from the ROI.
To study the motion (x-y) of individual CgA-EGFP-labeled functional structures at the plasma membrane, we performed a tracking analysis, as described elsewhere (13) (14) (15) . Only exocytotic events were taken into account, and the tracking started 5 s before exocytosis. The x-y coordinates of each tagged granule were tracked as a function of time. We used the distance from the median (x-y) of the data set to the farthest point, to define the radius of a circle that would encompass every data point in calculating the maximum range of a given trajectory.
The diameter of the CgA-EGFP-labeled secretory granules was analyzed with a line scan approach (with a length of 15 pixels). The fluorescence intensity profile of each secretory granule was measured in the frame before the exocytotic event, and a radially symmetric gaussian function was fitted to all profile intensity data:
where I(r) is the intensity as a function of the distance r from the center of the exocytic granule, w is the standard deviation of the gaussian, and I(o) is the peak intensity at r ϭ 0. We took the w value to represent the fluorescence diameter of each secretory granule.
Amperometric detection of exocytosis
Carbon fiber microelectrodes with a 6 m radius (Thornel P-55; Amoco Corp., Greenville SC, USA) were placed carefully onto cells expressing CgA-EGFP. The electrodes were prepared, tested, and accepted (16) and recordings were obtained with a VA-10X potentiostat (NPI Electronics, Tamm, Germany) connected to a PowerLab 8/30 system (ADInstruments, Dunedin, New Zealand). Amperometric measurements were made with the carbon fiber microelectrode gently touching the membrane of cells that emitted EGFP fluorescence; the cells were maintained in Krebs-HEPES buffer solution at 37°C. Secretion was elicited by 5 s pressure ejections of 5 mM Ba 2ϩ from a micropipette situated 40 m from the PC12 cell.
The data were collected at 10 kHz, low-pass filtered at 2 kHz, and analyzed by using macros locally written in IGORPro (17) that extracted the following parameters from each spike: I max , maximum oxidation current (pA); t 1/2 , spike width at the half height (ms); Q, the spike's net charge (fC); and m, ascending slope of the spike (pA/ms) (17, 18) . Recordings were alternated between control and treated cells, and no comparisons were made between experiments performed on different days or with different electrodes. The kinetic parameters were calculated as mean values. To avoid the deviations caused by the different number of spikes produced by each cell, the average value of the spike parameters recorded from each cell was set at n ϭ 1 (19) .
Statistics
The data sets are expressed as means Ϯ sem, and the statistical significance between the groups of experiments was assessed with the Mann-Whitney rank sum or Student's t test, as appropriate. The data were analyzed with Prism 5.0 (GraphPad Software, San Diego, CA, USA).
RESULTS
CgA-EGFP induces the formation of functional LDCV-like structures in HEK293 cells
We designed a plasmid encoding mouse CgA with EGFP fused to its C terminus, and we expressed this chimeric protein in HEK293 cells using a standard protocol (see Materials and Methods). When we assessed the integrity of the protein, a single CgA-EGFP band was detected in Western blots (Fig. 1A) , indicating that the chimera was not processed. In the transfected cells, a punctuate pattern of fluorescence was detected by TIRFM that was typical of a vesicular distribution (Fig. 1B) . This distribution of CgA-EGFP was similar to that already described in transfected COS-7 (20) or PC12 cells and that which is characteristic of secretory granules (21) . Such structures can also be found in the evanescent wave plane of TIRFM, within a few hundred nanometers of the plasma membrane (Fig. 1B , amplified area).
The secretion of CgA-EGFP was also quantified in Western blots. As HEK293 cells are nonexcitable, secretion was elicited with the calcium ionophore A-23187 (calcimycin), and the calcium influx augmented the basal output of CgA-EGFP by a factor of 5 (Fig. 1C) .
Most secretory granules are spatially restricted in HEK293 cells before exocytosis
In the TIRFM images, most of the CgA-EGFP puncta at the plasma membrane appeared to be of normal size and fluorescence intensity. The diameter of each CgA-EGFP granule was calculated as the half-width (w) from a gaussian function fit to the line scan (see Materials and Methods), which produced a normalized distribution with a mean diameter of 302 Ϯ 12 nm (nϭ68; Fig. 2A) . In this study, only those vesicles that underwent exocytosis were taken into account. To determine the trajectories followed by the secreted granules before exocytosis, individual fluorescent spots were tracked backward in time from the first frame in which fusion was detected (defined by a sudden increase in intensity with a simultaneous or subsequent spreading of the fluorescence). The total length of their "walk" was obtained from the lateral movements of labeled granules (summarized in Fig. 2B ), and the average radius of movement was 381 Ϯ 50 nm (nϭ56), similar to that reported in bovine chromaffin cells by using the same tag (unpublished results) or VAMP2-EGFP (15, 22) .
Sequential images of single granules defined Յ2 distinct signatures, whereby 92% (58/63) of the granules that finally fused had been observed in the evanescent field for Յ5 s, whereas some granules (5/63; 8%), were not detected in the evanescent field in the 5 s before fusion and exocytosis. This behavior may reflect vesicles that suddenly moved into the evanescent field from deeper within the cell and that underwent exocytosis without stable docking. These results are similar to the data obtained for regulated exocytosis in chromaffin (23, 24) and pancreatic ␤ cells (25) .
HEK293 cells display both partial and full fusion of CgA-EGFP granules
An abrupt increase in fluorescence intensity was evident at the moment that fusion occurred, when the vesicular pH increased and part or the entire CgA-EGFP cargo of the granule was released (Fig. 2D) . To synchronize all the fusion events, we set the time at the moment of granule fusion at 0 s. A sequential analysis of frames showed that roughly 60% of the events represented partial exocytosis, whereas the rest produced full release. Indeed, there was a sudden drop in the fluorescent signal after full fusion as opposed to the continuous fluorescence observed in partial fusion events. The time course of the normalized fluorescence (an average of 41 events reflecting partial-release and 29 full-release events) was represented, as recorded from the 2 different modes of exocytosis detected in the HEK293 cells (Fig. 2D ).
HEK293 cells expressing CgA accumulate and release L-3,4-dihydroxyphenylalanine (L-DOPA) by exocytosis
l-DOPA is a natural precursor in the synthesis of CAs, lying downstream of the limiting synthetic step medi- (26) and in chromaffin (10, 11, 27) or PC12 cells (28) . However, HEK293 cells lack the enzymatic machinery to convert l-DOPA into CA. To determine whether l-DOPA can serve as an electrochemically active marker for cargo and exocytosis of newly CgAinduced vesicles, we first monitored the accumulation of l-DOPA in HEK293 cells by using HPLC with electrochemical detection. l-DOPA was incubated with the cells according to the standard protocol used in our laboratory (100 M at 37°C for 60 min), and we obtained chromatograms from lysates of control, mock-, EGFP-, CgA-, or CgA-EGFP-transfected cells (Fig. 3A) . Data were then normalized to the total protein content. These results are summarized in Fig. 3B and demonstrate that CgA (which increased the l-DOPA uptake 2-fold), not EGFP, facilitated the accumulation of l-DOPA. To test the binding capacity of CgA to other neurotransmitters and autacoids also present in some cells that contain LDCVs, we also tested the uptake of 5-hydroxytryptamine (5-HT) with almost identical results (Fig. 3C) . However, other substances tested, such as norepinephrine, were not taken up adequately because of their poor liposolubility and the absence of specific carriers in the cellular and granule membranes (unpublished data).
Single-cell amperometry is probably the most potent direct technique for demonstrating CA exocytosis at the single-event level. When we loaded HEK293 cells with l-DOPA, no secretory spikes were observed in nontransfected cells, whereas those that expressed CgA-EGFP exhibited clear secretory activity and secretory spikes, although with a small amplitude ϳ2 pA (Fig.  3D ). These data indicate that the formation of vesicles induced by CgA-EGFP permitted the accumulation and quantum release of l-DOPA. To avoid any experimental bias derived from changes in the sensitivity of carbon fiber electrodes, recordings were obtained alternately from control and experimental cells on the same day and with the same carbon fiber electrode. The amperometric characteristics of these secretory spikes were analyzed (as summarized in Fig. 3 ), although their small size cannot guarantee a precise analysis, as such spikes would be strongly affected by electronic noise. (Some of the spikes found are amplified in the inset in Fig. 3D.) .
In PC12 cells, almost all exocytotic events were partial fusions
The expression of the CgA-EGFP construct (see Materials and Methods) was assessed in Western blots, along with that of endogenous CgA, CgB, and TH. Although endogenous CgA, CgB, and TH were not modified, the total amount of CgA (endogenousϩCgA-EGFP) was twice that of endogenous CgA found in the control cells (Fig. 4B) . As in the HEK293 cells, CgA-EGFP fluorescence in the PC12 cells exhibited a typical vesicular pattern (Fig. 4A , see vesicle in the amplified area). The average diameter of the granules in these cells (calculated as indicated previously) was 279 Ϯ 17 nm (nϭ33), and the average movement of these vesicles in the 5 s before exocytosis was restricted to a radius of 359 Ϯ 28 nm (nϭ19). Moreover, the single-vesicle trajectories recorded before fusion showed that 88% of granules (36/41) were in the evanescent field for Յ5 s, whereas the remainder (5/41) were not detected in the 5 s before exocytosis. When sequential frames of 41 exocytotic events were analyzed, the 2 main modes of exocytosis were evident (Fig. 4C) . In PC12 cells, ϳ93% of the fluorescent signal did not disappear after fusion, indicating partial exocytosis (Fig. 4D) , whereas only ϳ7% underwent full release.
CHROMOGRANINS AND EXOCYTOSIS
CgA-EGFP overexpression increases the dopamine (DA) content
The PC12 cell is a rat pheochromocytoma-derived line that conserves the DA synthetic machinery in some strains. Hence, unlike the HEK293 cells, they can synthesize, store, and release endogenous DA in response to secretagogue agents. Indeed, the storage of DA is enhanced significantly in PC12 cells transfected with CgA-EGFP (Fig. 5A) . It has been shown extensively that these cells increase their DA content in the presence of l-DOPA. As Cgs have a low affinity but high capacity to bind CAs, we incubated cells with 100 M l-DOPA for different intervals of time and then assayed their DA content by HPLC (Fig. 5B) . In both control and CgA-EGFP-expressing cells, DA accumulation followed a single exponential curve. By contrast, in control cells, the accumulation of DA reached a plateau with an exponential time constant of ϳ43.7 min, whereas this constant was ϳ27.3 min in the CgA-EGFP cells. At steady state (Fig. 5B) , DA accumulation in the CgA-EGFP cells exceeded that found in the nontransfected PC12 cells by ϳ21% (40.8 vs. 49.5 ng DA; 120,000 cells). However, considering the percentage of cells expressing CgA or CgA-EGFP (ϳ15%), we estimated that the real accumulation was up to 5-fold higher.
CA exocytosis is slowed by CgA-EGFP overexpression
Contrary to the minute quantum release of l-DOPA by the HEK293 cells, the PC12 cells produced secretory spikes that could be reliably measured by amperometry, a feature that makes them ideal for the study of the effect of CgA-EGFP expression on quantum release. Overexpression of CgA-EGFP did not change the frequency of secretory spikes but increased the quantum content of native DA ( Fig. 6 and Tables 1 and 2 ). Experiments were performed on different days with different carbon fiber electrodes that had a similar sensitivity; yet the results should not be compared. The kinetic characteristics of secretory events indicate that CgA-EGFP overexpression is typically associated with an increased vesicle content (Q) with a larger maximum concentration released (I max ), which is accompanied by faster secretory events (larger ascending slopes and a small t 1/2 /I max ratio). The bottom line indicates the relative changes observed when CgA-EGFP expression was compared to that in the controls.
The effect of l-DOPA was analyzed (Table 2) , and as no detectable amounts of norepinephrine were found by HPLC, it seems that most cellular l-DOPA was transformed exclusively to DA. Cytosolic DA overloading resulted in a new equilibrium, pushing DA toward the vesicles, a process that reached a plateau after 60 -90 min (Fig. 5B) . Dopamine overloading in CgA-EGFP-overexpressing cells almost duplicated the amount of DA accumulated in the control cells, although the kinetics of exocytosis were significantly slower in the CgA-overexpressing cells. Table 2 shows that indeed, the increase in Q was not accompanied by changes in I max . Also, all other kinetic parameters (ascending slope and t 1/2 ) indicate that the extrusion of CAs occurred at a slower speed, in both the ascending and descending parts of the spike.
Histograms in Fig. 7A, B show that the expression of CgA-EGFP and the DA overload provoked an increase in Q. Note that DA overload in cells expressing CgA-EGFP seems to unmask the presence of a second population of larger vesicles.
To analyze the relationship between the amine concentration reaching the electrode and the amine content in LDCVs in more detail, we plotted I max vs. Q (Fig.  7C) . The spikes from both groups exhibited clearly overlapping linear relationships, and, in general, these parameters were closely associated, with the data indicating that spikes with similar Q had a similar I max . The overexpression of CgA simply seems to enlarge vesicles (note the higher values for CgA-EGFP-overexpressing vesicles) while maintaining the Q:I max relationship. However, the DA overload caused by incubation with l-DOPA produced different results. In mouse chromaffin cells, this treatment duplicated the cytosolic CA levels and increased the number of CA molecules per secreted quantum (6, 10, 11, 26, 29 -31) . By contrast, the overexpression of CgA-EGFP increased the vesicular amine content of the PC12 cells, although the Q:I max ratio of the resulting secretory spikes was not linear, but S-shaped (Fig. 7D) .
DISCUSSION
In this study, we confirmed two of the functions assigned to CgA: the ability to induce the formation of secretory vesicles (8) and to increase the capacity of vesicles to accumulate CA (7) . Using the nonsecretory HEK293 cell line, we were able to track the formation, movement, and exocytosis of granule-like structures that contain CgA-EGFP. We also observed the two major modes of Ca 2ϩ -dependent exocytosis in these cells, partial and full fusion, and when we studied Table 1 for data analysis.
vesicle movement along the x-y plane, we found it to be similar to that described for other cell types (23) . These results were also confirmed in PC12 cells, derived from chromaffin tissues, in which excitation-secretion coupling persists. Significantly, CgA increases the amine content in cells from both of these lines.
We first demonstrated the crucial role of CgA in regulating quantum size by using a mouse strain that lacks this granin (10) . Chromaffin granules from CgA-KO cells were depleted in CAs, ϳ30% less than those from control mice, although their exocytosis was accelerated. These data suggest a direct implication of CgA in the accumulation of CA that was not overcome by l-DOPA-mediated CA overloading. Moreover, the effects of CgA overexpression on quantum exocytosis
had not yet been directly demonstrated, effects that are shown clearly here. Indeed, we used the DA precursor l-DOPA to promote amine overload, and thus to characterize the role of CgA in storage and exocytosis. In HEK293 cells, we detected the quantum release of l-DOPA, a phenomenon that occurs only in cells that express CgA or CgA-EGFP but not EGFP alone. This phenomenon was further characterized in PC12 cells, where all l-DOPA was rapidly converted to DA. Indeed, it has been demonstrated that a 1 h incubation with 100 M l-DOPA promotes a ϳ2-3 fold increase in cytosolic CA (10, 32, 33) , which also results in an increase in the quantum size of CA release (34) .
The equilibrium kinetics that governs DA accumulation in vesicles can be described by a single exponential function with a time constant of ϳ21 min (35) . The concentration of CAs (0.8-1 M; refs. 10, 36) inside secretory granules from chromaffin cells seems to be nearly constant (36, 37) . However, the amount of vesicular CA is far smaller in PC12 cells. Although no direct patch amperometry measurements have been performed on PC12 cells to our knowledge, an approximation estimated PC12 vesicles to contain 40 times less CA (ϳ25 fC) than chromaffin cells (ϳ1 pC; data herein and in ref. 10 ). However, these data could represent an underestimation of the CA content in both cell types, given that most of the exocytotic events in these cells appear to involve partial release. For instance, we have found that patch amperometry detects ϳ2.7 times more CAs than amperometry (10), which we can explain if the suction applied to the patch pipette forces the cell membrane to switch to full fusion. That most individual secretory events involve partial fusion is reinforced by electrochemical cytometry data (38) , and through dual patch/ whole cell capacitance measurements obtained in response to weak or high stimuli (39) .
Many secretory granules possess a matrix, described as a gel (40) that mimics a miniature charged biopolymer network that traps ions, peptides, and transmitters, but that also drastically alters its affinity for solutes during exocytosis (3). Accordingly, the physical properties of the functional vesicular matrix are directly related to the osmotic balance of stored CA (41) . Chromogranins are currently considered as a saturable, high-capacity, low-affinity buffer, and it has been estimated that each CgA can bind 32 molecules of adrenaline with a very low binding affinity (K d on the order of ϳ2.1 mM, ref. 42) . Chromogranins also bind Ca 2ϩ ions with a low affinity (K d 1.5-4 mM), depending on the type of granin (43, 44) . Therefore, we should consider Cgs as a dynamic buffer for intravesicular components that can admit large amounts of soluble compounds. However, little is currently known about the relation of Cgs with other vesicular solutes (e.g., ATP, ascorbate).
It has become clear that regular secretory vesicles contain enough Cgs to allow for the uptake of more CA when more cytosolic CA is available-for instance, in the presence of l-DOPA (26 -28, 31) . However, when CgA, CgB, or both are depleted, the ability of the granules to take up more CA is impaired (9) . Moreover, the amount of vesicular DA is notably augmented when the vesicular levels of CgA are increased, and the concentration of this high-capacity buffer in vesicles leads to an enhanced uptake capacity. However, granules cannot take up more amines when either Cg is absent (9 -11) , suggesting that such secretory granules exceed their uptake capacity. We propose a model for the interaction of CA with CgA in secretory vesicles (Fig. 8) in which we examine only the 3 experimental conditions (control, no CgA, and overexpressed CgA), both in the resting state and during CA overload after exposure to l-DOPA. Indeed, in this model, we have not taken into account the presence of other intravesicular components, such as CgB, secretogranin II, ATP, H ϩ , or Ca 2ϩ , and the role of the fusion pore has not been considered, even though CgA seems to participate in its expansion (10) . The role of CgA in the kinetics of exocytosis is summarized through acceleration and deceleration descriptors (Fig. 8) , as well as through the representative spikes obtained for each condition. To depict spikes, we scaled the I max and the t 1/2 of the control spikes. The model considers granules as a bicompartmental system where CgA is the only component of the granule matrix (Fig. 8 , gray core) with low affinity but high capacity for CA. The size of the vesicles is directly related to the total CA content Q (26) , and when CgA is absent, the vesicle size and its capacity for CA uptake are very limited, with a larger proportion of unbound CA reflected in accelerated exocytosis. This phenomenon is also evident in the presence of l-DOPA, where the CA uptake remains in the vesicle's free fraction (large I max but shorter t 1/2 ). In the presence of normal CgA content, l-DOPA can increase the net CA content, although most of the CA is now bound to CgA, and exocytosis is therefore (45) . Superimposed spikes were constructed with data taken from other studies (10, 26, 28, 35) and from those in this report, normalized to the controls. Other intracellular factors, such as CgB, ATP, and Ca 2ϩ , or the contribution of vesicular pH were ignored intentionally (see explanation in the text).
slower. When CgA is overexpressed, the fraction of total CA associated with the larger matrix should be similar, resulting in a large CA cargo and similar exocytotic kinetics. This exocytotic profile mimics what is observed in larger granules as when more DA is available; the larger amount of unsaturated CgA can still bind CA, resulting in a large cargo, yet associated with slower exocytosis.
Defining the mechanisms used by secretory vesicles to accumulate huge amounts of solutes, not just neurotransmitters, has captivated the attention of scientists for more than 5 decades. One of the main candidates contributing to the accumulation of distinct species in vesicles is Cgs, their major protein components. In the current study, we complemented the finding in our previous studies of the CA/CgA relationship by examining the effects of overexpressing CgA-EGFP. We showed that CgA induces the formation of functional secretory vesicles in which they display a low affinity but high capacity to bind CA in living cells. The Cg/CA relationship can probably be applied directly to most neurotransmitters present in secretory vesicles, such as 5-HT. The association of the internal constituents of secretory vesicles, and their roles in neurotransmitter storage and secretion should be taken into account, not only as a physiological mechanism, but also in the origin of diseases directly related to neurotransmission.
